We recently showed that cardiovascular morbidity was higher in sodium sensitive type of essential hypertension than in the non-sodium sensitive type. It was examined whether sodium sensitivity was associated with insulin resistance, an important atherosclerotic cardiovascular risk factor in essential hypertension. Fiftythree patients with essential hypertension, who had normal (n ‫؍‬ 12) and impaired (n ‫؍‬ 41) glucose tolerance, were placed on high (12-15 g NaCl/day) and low (1-3 g) sodium diets for 1 week each to determine sodium sensitivity. Fasting plasma glucose and insulin concentrations were measured on a regular sodium diet. The homeostasis model assessment insulin resistance index (fasting glucose [mmol/L] ؋ fasting insulin [mU/L]/22.5) was 1.40 ؎ 0.10 and 1.47 ؎ 0.14 in non-
Introduction
Sodium sensitive type of hypertension manifests not only a greater propensity to retain sodium, [1] [2] [3] [4] but also several metabolic and physiological abnormalities such as urinary albumin excretion, 5, 6 left ventricular hypertrophy 7, 8 and dyslipidaemia. 9 We have postulated on the theoretical basis that, in sodium sensitive types of hypertension, glomerular capillary pressure is elevated; in all animal models examined whose blood pressure (BP) is sensitive to change in sodium intake, glomerular pressure is indeed proved elevated. 1 In fact, we quantitatively estimated glomerular pressure elevated in this type of essential hypertension. 1, 10 Microalbuminuria, a marker of glomerular capillary hypertension, 5, 11 is now considered as a risk predictor for cardiovascular morbidity. [12] [13] [14] We also showed that BP failed to fall during the night in sodium sensitive type of essential hypertension, and they manifested as nondippers, 15, 16 which were associated with more serious hypertensive end-organ damage including silent cerebrovascular infarction, left ventricular hypertrophy and microalbuminuria, than dippers whose BP Correspondence: Dr Genjiro Kimura, Chief, Division of Nephrology, National Cardiovascular Center, 5-7-1 Fujishiro-dai, Suita, Osaka 565-8565, Japan Received 31 August 1998; revised 8 December 1998; accepted 24 December 1998 sodium sensitive and sodium sensitive groups. The insulin resistance index was positively correlated with the sodium sensitivity index, while was negatively correlated with fractional excretion of sodium (FE Na ) obtained during a high sodium diet. In addition, the insulin resistance index had a positive relationship with overall creatinine clearance. Sodium sensitivity index was also negatively correlated with FE Na obtained during a high sodium diet. These results showed that insulin resistance might participate in the genesis of sodium sensitivity in essential hypertension by enhancing tubular sodium reabsorption, as reflected in decreased FE Na and augmented creatinine clearance. Insulin resistance seemed elevated in sodium sensitive state of essential hypertension, leading to future cardiovascular events.
fell during the night. [17] [18] [19] Since sodium sensitive type of hypertension displays many risk factors for cardiovascular complications, 9 thus, we have proposed that sodium sensitivity appears to be a new and strong risk factor in essential hypertension independent of classical ones. 20 In fact, we recently showed that cardiovascular morbidity was higher in sodium sensitive type of essential hypertension than in the non-sodium sensitive type. 20 On the other hand, insulin resistance and the resultant hyperinsulinaemia have been linked to essential hypertension, 9, [21] [22] [23] and insulin resistance has been considered a risk factor for atherosclerotic cardiovascular diseases. 24, 25 Recently, it has become evident that insulin resistance can be evaluated in clinical routine practice by insulin resistance index using the homeostasis model assessment. [26] [27] [28] [29] In this study, therefore, we examined whether sodium sensitivity was associated with insulin resistance in patients with essential hypertension, and the role of insulin resistance in the genesis of sodium sensitive type of hypertension.
Patients and methods

Patients
Fifty-three Japanese patients with essential hypertension (31 men and 22 woman; aged 34 to 69 years old with the mean of 52 ± 1) were studied in the National Cardiovascular Center Hospital. Patients with an age above 70 years, a past history of cardiovascular complications, diabetes and renal dysfunction were excluded from this study.
Antihypertensive drug was discontinued at least 2 weeks before hospitalisation. During the initial hospitalisation, routine examinations for hypertensive patients were performed to exclude secondary hypertension as well as to evaluate the severity of the hypertensive state. Digital subtraction renal angiography or a radioisotopic renogram was performed, especially in patients with non-sodium sensitive hypertension, to exclude renovascular hypertension. In patients with sodium sensitive hypertension, aldosterone was measured in both plasma and urine, and computerised tomography of the adrenal gland was performed to exclude primary aldosteronism, as required. No patient showed evidence of a detectable secondary cause for hypertension, renal disease and malignant hypertension. All patients gave informed consent to the study, which was conducted in accordance with the declaration of Helsinki and Tokyo.
Study protocol
After the initial 1 to 2 weeks hospitalisation, during which BP was stabilised, patients were subjected to study protocol to determine whether their BP was sodium sensitive or not and to calculate their sodium sensitivity index. All patients were maintained on both high (12-15 g NaCl per day) and low (1-3 g NaCl per day) sodium diets for 1 week each in random order. Only the amount of NaCl added to the food differed between two diet periods. Protein intake was maintained constant. Urinary sodium and creatinine excretion rates were measured on the last 3 days of each period. Serum sodium and creatinine concentrations as well as plasma total protein concentration were measured on the last day of each diet period, and 24-h endogenous creatinine clearance (Ccr) and fractional excretion of sodium (FE Na ) were calculated as indexes for glomerular filtration rate and tubular sodium reabsorption, respectively, for each period using the average of sodium and creatinine excretion rates. On the last day of each period, 24-h BP was measured every hour noninvasively with an automatic oscillometric device (model BP8800NC, Nippon Colin, Japan). Mean arterial pressure was calculated by adding one-third of the pulse pressure to the diastolic BP. Patients whose 24-h average of mean arterial pressure was lowered by more than 10% by sodium restriction were assigned to the sodium sensitive group based on Bartter's original definition, 3, 4 the remaining patients were assigned to the non-sodium sensitive group. In addition, sodium sensitivity index was calculated as the ratio of the change in mean arterial pressure over the change in urinary sodium excretion rate induced by sodium restriction, which was the reciprocal of the slope of the pressure natriuresis curve, 1, 2, 10, 15, 16, [30] [31] [32] and which represented how much BP was affected by each mmol of sodium intake per day altered in the steady state. 1, 2 Plasma glucose and insulin response during a standard oral glucose tolerance test (OGTT) were determined in all subjects on a regular sodium diet. After an overnight fast, the subjects were given 75 g of oral glucose load, and blood was drawn for repeated measurements of plasma glucose and insulin concentrations at 0, 30, 60, 90, 120 min later. Insulin resistance index was calculated using the homeostasis model assessment (HOMA) as fasting plasma glucose [mmol/L] × fasting insulin [mU/L]/22.5, which was formulated by Matthews et al originally as fasting insulin/(22.5 e −ln(fasting glucose) ).
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Statistical analysis
Data were expressed as the mean ± s.e.m. The differences between low and high sodium diets were compared by Student's t-test for paired samples. The differences between non-sodium sensitive and sodium sensitive groups were compared by Student's t-test for non-paired samples and 2 test. The correlation coefficients among the sodium sensitivity index, HOMA insulin resistance index, FE Na and Ccr were obtained by the method of least squares.
Results
The clinical characteristics of non-sodium sensitive and sodium-sensitive groups are shown in Table 1 . There were no differences between the two groups in age, sex distribution, body mass index (BMI) or Ccr. Urinary parameters and BP, measured during low and high sodium diets, are shown in Table 2 , together with body weight and total protein concentration. There were no differences between the two groups in U Na V, FE Na and Ccr during either low or high sodium diet. In the non-sodium sensitive group, systolic BP was elevated significantly by high sodium diet (P Ͻ 0.0001), while diastolic BP was not. On the other hand, in the sodium sensitive group, both systolic and diastolic BPs, and therefore, mean arterial pressure were all elevated by high sodium diet (P Ͻ 0.0001). During low sodium diet, there was no significant difference in BP, either systolic or diastolic, between the two groups. However, during high sodium diet, systolic and diastolic BPs were both significantly higher in the sodium sensitive group than in the non-sodium sensitive group. Sodium sensitivity index was 0.026 ± 0.006 and 0.120 ± 0.011 mm Hg/[mmol/day] (P Ͻ 0.0001) in non-sodium sensitive and sodium sensitive groups, respectively. Mean ± s.e.m., BMI: body mass index, Ccr: creatinine clearance. 
Mean ± s.e.m. U Na V: urinary sodium excretion rate, BP: blood pressure, MAP: mean arterial pressure, FE Na : fractional sodium excretion, Ccr: creatinine clearance. *P Ͻ 0.01, †P Ͻ 0.05 vs non-sodium sensitive group.
Based on OGTT pattern, 41 patients were classified as impaired glucose tolerance (24 patients in non-sodium sensitive group and 17 patients in sodium sensitive group) and remaining 12 patients were classified as normal (4 vs 8 patients in nonsodium sensitive vs sodium sensitive groups) ( Table  3) . No diabetic patients were included in this study. There were no differences between two groups in plasma glucose or insulin levels during OGTT. None of the area under the curve of insulin (⌺ insulin), the area under the curve of glucose (⌺ glucose) and the ratio of ⌺ insulin to ⌺ glucose (⌺ insulin/⌺ glucose) was different between two groups. HOMA insulin resistance index (fasting plasma glucose [mmol/L] × fasting insulin [mU/L]/22.5) was 1.40 ± 0.10 and 1.47 ± 0.14 in non-sodium sensitive and sodium sensitive groups. As shown in Figure 1 , however, HOMA insulin resistance index was positively correlated with sodium sensitivity index (r = 0.33, P Ͻ 0.02), while was negatively correlated with FE Na obtained during high sodium diet (r = 0.49, P Ͻ 0.001). HOMA insulin resistance index was not correlated with FE Na obtained during low sodium diet. In addition, HOMA insulin resistance index had a positive relationship with overall Ccr (r = 0.20, P Ͻ 0.05). Similarly, fasting plasma insulin concentration had positive relationships with sodium sensitivity index (r = 0.34, P Ͻ 0.02) and overall Ccr (r = 0.18, P = 0.06), while had a negative relationship with FE Na during high sodium diet (r = 0.48, P Ͻ 0.001). Sodium sensitivity index was also negatively correlated with FE Na obtained during a high sodium diet (r = 0.39, P Ͻ 0.01, Figure 2 ), while was not during low sodium diet. Both sodium sensitivity index (r = 0.32, P Ͻ 0.05) and HOMA insulin resistance index (r = 0.37, P Ͻ 0.01) had positive relationships with percent change in body weight induced by change in sodium intake. Furthermore, HOMA insulin resistance index was correlated with change in plasma total protein concentration (r = 0.31, P Ͻ 0.05), although sodium sensitivity index was not.
Discussion
The present study demonstrated a weak but significant positive relationship between HOMA insulin resistance index and sodium sensitivity index in patients with essential hypertension, most of whom had an impaired glucose tolerance. Our data suggest that insulin resistance and resulting hyperinsulinaemia may participate in the genesis of sodium sensitivity by enhancing tubular sodium reabsorption, as reflected in decreased FE Na and augmented Ccr. In fact, fasting plasma insulin concentration had similar relationships as HOMA insulin resistance index with sodium sensitivity index, overall Ccr and FE Na . The present findings also support our recent proposal that in sodium sensitive state atherosclerotic risk factors are clustered together, leading to cardiovascular events. . 26 Formal assessment of insulin sensitivity, such as the euglycaemic hyperinsulinaemic glucose clamp technique, is not easily done in the clinical setting. HOMA insulin resistance index is a candidate for simple assessment of insulin sensitivity. Matthews et al 26 showed that this HOMA insulin resistance index correlated highly with other estimates obtained by uses of the euglycaemic and hyperglycaemic clamps and the fasting insulin concentration. Although many parameters have been Figure 1 Relationships of HOMA insulin resistance index with sodium sensitivity index, fractional sodium excretion and creatinine clearance in patients with essential hypertension. Fractional sodium excretion (FE Na ) obtained during high sodium intake was correlated with HOMA insulin resistance index, while that during low sodium intake was not. Creatinine clearance as an index of glomerular filtration rate measured during high sodium intake was shown by closed circles, while that during low sodium intake by open circles. Please note that fasting plasma insulin concentration had similar relationships as HOMA insulin resistance index with sodium sensitivity index, FE Na and creatinine clearance.
proposed as markers for insulin resistance, to our knowledge, HOMA insulin resistance index is now considered one of the most reliable estimates among clinically routine parameters. [27] [28] [29] The linkage between high sodium sensitivity and insulin resistance has been suggested.
9,33-37 Rocchini et al 33 reported using the euglycaemic hyperinsulinaemic clamp technique that sodium sensitive individuals had more insulin resistance than their non-sodium sensitive counterparts in a group of normotensive and hypertensive subjects, being confirmed recently. 35 They also showed that the BP of obese adolescents was more dependent on dietary sodium intake than non-obese, and this sodium sensitivity was attenuated by weight reduction because Figure 2 Relationship between fractional sodium excretion and sodium sensitivity index in patients with essential hypertension. Fractional sodium excretion (FE Na ) obtained during high sodium intake was correlated with sodium sensitivity index, while that during low sodium intake was not.
of improvement of insulin resistance. 33 , 34 Sharma et al 36 demonstrated that normotensive sodium sensitive subjects had a hyperinsulinaemic response to an oral glucose load and a reduced insulin-mediated glucose disposal estimated by the insulin suppression test. 37 Bigazzi et al 9 reported that sodium sensitive patients with essential hypertension augmented insulin secretion following an oral glucose load in comparison with non-sodium sensitive patients. A weak correlation was found between insulin area under the curve and sodium sensitivity, which they defined as the change in mean arterial pressure between low and high dietary NaCl intakes. 9 These studies did not prove a pathogenic role of insulin for sodium sensitive type of hypertension.
There are both human and animal data suggesting that insulin resistance and/or hyperinsulinaemia cause sodium retention. [38] [39] [40] [41] [42] Insulin can enhance renal sodium reabsorption through its effects on renal tubules both directly by stimulating tubular ion exchange or cellular metabolism and indirectly by stimulating sympathetic nervous system or reninangiotensin-aldosterone system, all of which may contribute to the development and maintenance of hypertension. Previous studies using the euglycaemic hyperinsulinaemic glucose clamp technique showed that hyperinsulinaemia increased renal sodium reabsorption in essential hypertensive patients 41, 42 as well as normotensive individuals. 39, 40 These studies suggest that despite insulin resistance on glucose metabolism, insulin action on renal sodium handling and pressure systems were maintained. Recently, it has been described in normotensive individuals that there is a possible association between sodium sensitivity of blood pressure and insulin resistance, and proximal tubule seems to be the likely site of enhanced sodium reabsorption in sodium sensitive subjects. 43 In the present study, HOMA insulin resistance index and fasting plasma insulin concentration were both negatively correlated with FE Na obtained dur-261 ing high sodium diet, while were positively correlated with sodium sensitivity index. Sodium sensitivity index was also negatively correlated with FE Na obtained during high sodium diet. In addition, Ccr as an index for glomerular filtration rate was positively correlated with both HOMA insulin resistance index and fasting plasma insulin concentration. These findings suggest that the following sequence of events occur in insulin resistance state: tubule sodium reabsorption is primarily enhanced by hyperinsulinaemia, as reflected by the reduction in FE Na . As long as systemic BP, glomerular capillary pressure, glomerular filtration rate and tubular sodium load remain normal, sodium and fluid balances become positive, resulting in systemic hypertension. In fact, both sodium sensitivity index and HOMA insulin resistance index were positively correlated with percent change in body weight by sodium intake alternation, and HOMA insulin resistance index was correlated with the change in total protein. Elevated systemic BP produces increases in glomerular filtration rate and tubular sodium load, as reflected by the augmentation in overall Ccr. This increased tubular sodium load with glomerular hyperfiltration makes it possible to maintain sodium balance and to excrete the daily intake of sodium despite the enhanced tubule sodium reabsorption. On the basis of multiple past studies, 4 to 5 days should be sufficient for sodium balance and arterial pressure to reach a steady state during a fixed sodium intake. 44 In the present study protocol, U Na V reflected the amount of sodium intake, while reduced FE Na the enhanced tubular sodium reabsorption.
In this way, it is clear now that only in the conditions with glomerular hyperfiltration, sodium balance can be maintained when tubule sodium reabsorption is enhanced. 1, 30, 32 This sodiumvolume-BP state resembles, at least in part, the profile of primary aldosteronism, 30 ,32 a typical sodium sensitive form of hypertension due to an enhanced rate of tubule sodium reabsorption, while is in contrast to our report on diuretics. 31 From the above discussion, it is evident that enhanced tubular sodium reabsorption, instead of augmented glomerular filtration, is the primary event causing sodium sensitive type of hypertension. Instead, primary augmentation in glomerular filtration rate causes natriuresis, despite reduced FE Na consequently, and BP would be lowered.
Recently, we have proposed that hypertension can be ascribed to one of three major renal mechanisms: 1, 31 (1) increased preglomerular vascular resistance from heart to glomeruli, mainly due to afferent arteriolar resistance; (2) decrease in whole kidney ultrafiltration coefficient, due to the decrease in filtration surface area per glomerulus, decrease in hydraulic permeability of glomerular filtration barrier and/or decrease in the number of glomeruli; (3) increase in the rate of tubule sodium reabsorption. The first produces non-sodium sensitive hypertension, while the latter two produce sodium sensitive hypertension. We previously investigated the glomerular haemodynamics using the pressure-natriuesis relationship in non-sodium sensitive and sodium sensitive type of essential hypertension, and demonstrated that reduced whole kidney ultrafiltration coefficient was the principal mechanism of sodium sensitivity. 10 Since HOMA insulin resistance index did not differ between non-sodium sensitive and sodium sensitive subjects, enhanced tubular sodium reabsorption by insulin resistance might not be the major determinant of sodium sensitivity. In fact, our study showed significant but weak relationships among sodium sensitivity, insulin resistance and tubular sodium reabsorption, indicating that the sodium sensitivity of BP is determined only in part by enhanced tubular sodium reabsorption in essential hypertension, while mostly by reduced ultrafiltration coefficient. In most of the sodium sensitive patients with essential hypertension the difference in mean arterial pressure between low and high sodium intake has been reported about 14 -16 mm Hg. 9, 45 In this study, the difference (20 mm Hg) seemed slightly greater, suggesting that Japanese hypertensives were probably more sensitive to sodium. The greater shift of BP by sodium intake alteration may have made it easier to correlate sodium sensitivity with other parameters including insulin resistance and tubular sodium reabsorption.
In conclusion, our study showed that insulin resistance might participate, at least in part, in the genesis of sodium sensitivity in essential hypertension by enhancing tubular sodium reabsorption. Further studies are required to clarify this linkage and the precise mechanism how insulin resistance is related to sodium sensitivity.
